Due to the increasing use of nanometric cerium oxide in applications, concerns about the toxicity of these particles have been raised and have resulted in a large number of investigations. We report here on the interactions between 7 nm anionically charged cerium oxide particles and living mammalian cells. By a modification of the particle coating including low-molecular weight ligands and polymers, two generic behaviors are compared: particles coated with citrate ions that precipitate in biofluids and particles coated with poly(acrylic acid) that are stable and remain nanometric. We find that nanoceria covered with both coating agents are taken up by mouse fibroblasts and localized into membrane-bound compartments. However, flow cytometry and electron microscopy reveal that as a result of their precipitation, citrate-coated particles interact more strongly with cells. At cerium concentration above 1 mM, only citrate-coated nanoceria (and not particles coated with poly(acrylic acid)) display toxicity and moderate genotoxicity. The results demonstrate that the control of the surface chemistry of the particles and its ability to prevent aggregation can affect the toxicity of nanomaterials.
Introduction
Due to their unique size-dependent catalytic and optical properties, nanometric cerium oxide (CeO 2 ) particles have found applications in the automotive industry, in chemical-mechanical polishing and in paint formulation. Concerns about their toxicity have been raised however and have resulted in a large number of studies recently (HEI 2001; Cassee et al. 2011; Karakoti et al. 2010; Walser et al. 2012; Horie et al. 2012) . During the last decade, the uptake and toxicity of CeO 2 nanoparticles were investigated on both prokaryotic (Thill et al. 2006) and eukaryotic (Limbach et al. 2005a; Lin et al. 2006; Das et al. 2007; Brunner et al. 2006; Xia et al. 2008b; Park et al. 2008; Safi et al. 2010; Horie et al. 2011; Chigurupati et al. 2013; Culcasi et al. 2012; Lee et al. 2012; Simonelli et al. 2011; Kroll et al. 2011) cells. In vitro assays were performed on various cell lines, including lung epithelial and cancer cells, macrophages using particles obtained from a wide variety of synthesis. Most reports revealed that nanoceria were internalized into cells (Limbach et al. 2005a; Xia et al. 2008b; Yokel et al. 2009; Horie et al. 2011; Hussain et al. 2012a; Ma et al. 2012) . With regards to the toxicity and to the emission of reactive oxygen species (ROS), results from the literature are controversial. Some authors demonstrated the induction of acute toxicity (Thill et al. 2006; Brunner et al. 2006; Auffan et al. 2009; Eom and Choi 2009; Cho et al. 2010; Ma et al. 2012; Srinivas et al. 2011; Zhang et al. 2011; Hussain et al. 2012a ) and oxidative stress (Lin et al. 2006; Park et al. 2008; Horie et al. 2011) , while others provide evidences that the nanoparticles were non-toxic (Xia et al. 2008b; Safi et al. 2010; Birbaum et al. 2010; Pierscionek et al. 2012; Lee et al. 2012) . In some instances, the particles exhibited strong anti-oxidant properties that promote cell survival under oxidative stress conditions (Das et al. 2007; Hirst et al. 2009; Xia et al. 2008b ; Karakoti et al. 2010) . These contradictory results could have several grounds, such as the synthesis of the particles (Karakoti et al. 2010) , the cell lines investigated or the incubation protocols. On the physico-chemical side, it has been realized that the interactions between living cells and particles in vitro depend eventually on the behavior of these particles in biological fluids. The two main scenarios noted in the literature are the formation of a protein corona (Rocker et al. 2009; Casals et al. 2010; Walczyk et al. 2010; Sund et al. 2011; Safi et al. 2011 ) and the aggregation into micro-size clusters (Williams et al. 2006; Diaz et al. 2008; Petri-Fink et al. 2008; Chanteau et al. 2009; Safi et al. 2010; Safi et al. 2011) . In most studies on the risk assessment of nanoceria, the particles used were not coated, and therefore precipitated in cell preparation media (Lin et al. 2006; Xia et al. 2008b; Auffan et al. 2009; Chanteau et al. 2009; Vincent et al. 2009; Eom and Choi 2009; Zhang et al. 2011; Hussain et al. 2012b; Yokel et al. 2009; Ma et al. 2012) . When aggregated, the hydrodynamic properties of the nanoparticles are strongly modified, and so are their interactions with cells. Reports mentioned that to avoid precipitation, the concentrations had to be kept very low, typically below 10 µg mL -1 (Lin et al. 2006; Eom and Choi 2009) . Others studies used controlled adsorption processes of organics at the water/oxide interfaces, including oligomers (phosphonate-terminated poly(ethylene oxide) (Chanteau et al. 2009 )), proteins from fetal bovine serum (Horie et al. 2011) or polymers (poly(acrylic acid) (Safi et al. 2010) , poly(acrylic acid)-b-poly(acrylamide) (Galimard et al. 2012) ). The later processes ensured an excellent stability in biofluids for long periods of time (> weeks).
In the present paper, we investigate the interactions between 7 nm anionically charged cerium oxide particles and embryonic fibroblast cells (NIH/3T3). The coating of the particles was provided by low molecular weight ligands (citric acid) and by ion-containing polymers (poly(acrylic acid)), both being carboxylate terminated. Doing so, two generic behaviors were compared: citrate-coated particles that precipitate in biofluids and polymer-coated particles that are stable and remain nanometric. We have found that nanoceria are indeed uptaken by cells and localized into membrane-bound compartments. At concentrations used in this study, the particles displayed no acute short-term toxicity, nor they induce oxidative stress. At high concentration only, aggregating citrate-coated nanoceria display toxicity, moderate ROS expression and genotoxicity.
Materials and Methods
Chemicals, synthesis and cell culture Nanoparticles synthesis and coating: Cerium oxide nanoparticles were synthesized by thermo-hydrolysis of cerium nitrate salt under hydrothermal conditions at neutral or acidic pH. Provided to us by Solvay (Centre de Recherche d'Aubervilliers, Aubervilliers, France), the dispersion arises from the same type of synthesis as EOLYS ® , a Solvay product traded in as fuel-borne catalyst for diesel cars. Here however and in contrast to EOLYS, the particles are dispersed in a water-borne solvent. Synthesized at acidic pH (pH 1.5), the particles are cationic nanocrystals with nitrate counterions adsorbed at their surfaces (S1-S2).
Electrostatics ensures the stabilization of the dispersion. Increases in pH or ionic strength induced the destabilization of the sols and the irreversible aggregation of nanoceria (Nabavi et al. 1993) . Transmission electron microscopy (TEM) performed on a dilute dispersion exhibits isotropic agglomerates made of 2 nm crystallites with faceted morphologies (Fig. 1) . The size distribution of the agglomerates obtained by TEM was adjusted by a log-normal function with median diameter 7.0 nm and polydispersity 0.15. The polydispersity is defined as the ratio between the standard deviation and the average diameter. Using static (SLS) and dynamical (DLS) light scattering, the hydrodynamic diameter and the molecular weight of the particles were found at = 9.8 nm and = 3.3×10 g mol -1 , respectively (Qi et al. 2008b; Qi et al. 2008a ). In Fig. 1 , the distribution in hydrodynamic diameters is slightly shifted with respect to that of TEM, the reason being that when particles are distributed, light scattering is sensitive to the largest particles. In this work, two types of coating were used: citric acid and poly(acrylic acid). Uncoated nanoparticles were not considered because of their pronounced instability in physiological media. Citric acid (molecular weight 192.1 g mol -1 , Aldrich), is a weak triacid with at 3.1, 4.8 and 6.4. Performed after the synthesis, the ionization of the carboxyl groups has the effect to reverse the surface charge of the particles, which hence became negatively charged. The charge density was estimated at -2e nm -2 (Berret 2007 ). With such low molecular-weight ligands, the adsorbed citrates are in equilibrium with free citrate molecules dispersed in the bulk solution, reflecting an adsorption isotherm behavior. Cit-CeO 2 nanoparticles exhibit similar hydrodynamic sizes as the bare particles (Chanteau et al. 2009 ). Poly(acrylic acid) was frequently used in the past for coating inorganic particles (Qi et al. 2008b; Qi et al. 2008a ).
Here, we used poly(sodium acrylate) with molecular weight of 2100 g mol -1 (polydispersity 1.7). The coating of the nanoparticles was performed according to the precipitationredispersion protocol ). The adsorbed polymer corona was estimated at ~ 3 nm by means of dynamical light scattering, yielding a of 15 nm. The number of adsorbed chains per particle was 57 (Qi et al. 2008a ), corresponding to a density of chargeable groups of 4 nm −2 . For the cell culture assays, the dispersions were dialyzed against deionized water using the biocompatible Spectra Por 2 membrane of MWCO 12 kD. For the dialysis of the citrate coated particles, the dialysis bath was supplemented with 10 mM of citrates.
NIH/3T3 cell culture:
The NIH/3T3 embryonic fibroblast is a standard cell line already tested with many particles in the context of toxicity studies (Hillaireau and Couvreur 2009; Cassee et al. 2011; Karakoti et al. 2012) . Fibroblasts are moreover the most common cells of connective tissues in animals and represent the first barrier to toxic substances. In nanoceriabased applications such as chemical and mechanical polishing or paint formulation, the particles can come into contact with the skin and interact with fibroblasts. Several recent studies have reported the use of fibroblasts in the assessment of the toxicity of engineered nanoceria (Chigurupati et al. 2013; Culcasi et al. 2012; Lee et al. 2012; Simonelli et al. 2011; Kroll et al. 2011) . The fibroblast cells were grown as a monolayer in Dulbecco's modified Eagle's medium (DMEM) with high glucose (4.5 g.l −1 ) and stable glutamine (PAA Laboratories GmbH, Austria). This medium was supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (PAA Laboratories GmbH, Austria), referred to as cell culture medium. Exponentially growing cultures were maintained in a humidified atmosphere of 5% CO 2 -95% air at 37 °C, and under these conditions the plating efficiency was 70-90% and the doubling time was 12 -14 h. The cell cultures were passaged twice a week using trypsin-EDTA (PAA Laboratories GmbH, Austria) to detach the cells from their culture flasks or wells followed by the addition of cell culture medium to neutralize the trypsin. The cells were pelleted by centrifugation at 1200 rpm for 5 min at 25 •C. The supernatant was removed and cell pellets were re-suspended in assay medium and counted using a Malassez counting chamber. Electron microscopy, flow cytometry and comet assays were performed on cells incubated with citrate and poly(acrylic acid) coated nanoceria at 0.1, 1 and 10 mM of cerium concentration. These concentrations correspond to 0.0017, 0.017 and 0.17 wt. %, or 17, 170 and 1700 µg mL -1 respectively, and are representative of those reported in the literature for in vivo and in vitro assays on a wide variety of cells (Karakoti et al. 2010; Thanh and Green 2010; Cassee et al. 2011; Iversen et al. 2011 ).
Experimental techniques
UV-visible spectroscopy : A UV-visible spectrometer (Cary 50 Scan from Varian) was used to measure the absorbance of bare and coated nanoparticle dispersions in water. In the range λ = 200 -1100 nm, the absorbance was related to the concentration by the Beer-Lambert law: , = , where (=1 cm) is the optical path length, the nanoparticle concentration and ε the molar absorption coefficient (cm −1 M −1 ). Taking advantage of the strong absorbance of cerium oxide below 400 nm (S3), the cerium concentrations could be determined accurately, with an uncertainty better than 5×10 −4 wt.% (5 µg mL -1 ) (Safi et al. 2010 ). Citrate and polymer coating did not modify the absorption coefficient.
Dynamic light scattering : Dynamic light scattering was performed on a Brookhaven spectrometer (BI-9000AT autocorrelator, λ = 632.8 nm) for measurements of the scattered intensity and the collective diffusion constant . In dynamic light scattering, the collective diffusion coefficient was determined from the second order autocorrelation function of the scattered light. From the value of the coefficient, the hydrodynamic diameter of the colloids was calculated according to the Stokes-Einstein relation, = /3 , where is the Boltzmann constant, the temperature (T = 298 K) and η 0 the solvent viscosity ( = 0.89 × 10 −3 Pa s for water at T = 25 °C). The autocorrelation functions were interpreted using the cumulants and the CONTIN fitting procedure (intensity distribution) provided by the instrumental software. To study the kinetics of aggregation, light scattering experiment was performed using the same protocol as for incubation on a Zetasizer Nano-ZS (Malvern Instruments Ltd., UK). A test tube containing 1 ml of the cellular medium (DMEM) was placed on the spectrometer and a small volume (~ 10 µL) of a concentrated dispersion was poured rapidly in the tube and the sample was homogenized. The final concentration was [Ce] = 1 mM, corresponding to c = 1.72×10 -2 wt. % (172 µg mL -1 ). The scattering intensity and the hydrodynamic diameter were monitored as a function of the time for 2 hours after injection, a time that was considered to be sufficient to conclude about the nanoparticle behavior in the solvent (Chanteau et al. 2009 ). In the dilute regime, the scattering intensity scales as = , where is the scattering contrast, and the molecular weight and concentration of the scatterers. If the particles aggregate, both and increase due to the augmentation of size and molecular weight of the scatterers. If the dispersion is stable, no variation is observed. For experiments performed with the cell culture medium, the particle concentration was raised to c = 0.172 wt. % (10 mM). In these conditions, the scattered intensity came predominantly from the particles, and not from the proteins present in the solvent.
Optical microscopy: Phase-contrast images of the cells were acquired on an IX71 inverted microscope (Olympus) equipped with 10× and 60× objectives. Data acquisition and treatment were monitored with a Photometrics Cascade camera (Roper Scientific) and treated with Metaview (Universal Imaging Inc.) and ImageJ softwares.
Transmission electron microscopy (TEM) :
Electron microscopy measurements on the nanoparticles were carried out on a JEOL-100 CX microscope at the SIARE facility of the Université Pierre et Marie Curie (Paris 6). The TEM images of the cerium oxide nanoparticles (magnification 120 000×) were analyzed using ImageJ software (http://rsb.info.nih.gov /ij/). The diameter and polydispersity for CeO 2 were in good accordance with those determined by cryogenic transmission electron microscopy in an earlier report (Qi et al. 2008a ). For TEM experiments on living cells, the 3T3/NIH fibroblasts were first seeded onto a 6-well plate and incubated with the nanoparticles during 24 h. Excess medium was then removed, and the cells were washed in 0.2 M phosphate buffer (PBS), pH 7.4 and fixed in 2% glutaraldehydephosphate buffer 0.1 M for 1 h at room temperature. Fixed cells were washed in 0.2 M PBS. After washing, samples were post-fixed for 45 minutes in a 1% osmium-phosphate buffer 0.1 M at room temperature in dark conditions. The samples were then dehydrated in reagentgrade ethanol. Samples were infiltrated in 1:1 ethanol/epon resin for 1 h and finally in 100% epon resin for 48 h at 60 °C for polymerization. 90 nm-thick sections were cut with an ultramicrotome (LEICA, Ultracut UCT) and picked up on copper-rhodium grids. They were then stained for 7 min in 2% uranyl acetate and for 7 min in 0.2% lead citrate. Grids were analyzed with a transmission electron microscope (ZEISS, EM 912 OMEGA) equipped with a LaB 6 filament, at 80 kV and images were captured with a digital camera (SS-CCD, Proscan 1024×1024), and the iTEM software.
Scanning Electron Microscopy (SEM):
Cells were primarily fixed 1 h at room temperature and overnight at 4 °C by immersion in a fixative solution (2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.5), washed 3 times with cacodylate buffer 0.2 M, and post fixed during 1 h at room temperature in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.5) and washed again three times in 0.1 M cacodylate buffer. Dehydration until 100% ethanol was completed through graded ethanol-water mixtures at room temperature. Cells were then dried according to the CO 2 supercritical drying process (using a Bal-Tec CPD030). After mounting onto scanning stubs, samples were coated with a 10 nm conductive carbon layer using a thermal carbon evaporator (Cressington C208). Scanning electron microscopy was performed either on a Zeiss ULTRA 40 or a Hitachi SU-70 field emission scanning electron microscopes. Microanalysis and mapping were performed either on Edax CDU or Oxford X-Max EDX detectors installed on the microscope columns (S7).
Flow cytometry: interactions and viability :
Coated nanoceria at concentrations 0.1, 1 and 10 mM were add to NIH/3T3 cells culture in complete DMEM medium and incubated for 5 h and 24 h. To evaluate the effect of the coating, sodium citrate and poly(sodium acrylate) were added separately to the fibroblasts. Concentrations ranging from 0.1 to 10 mM for the lowmolecular weight ligand and from 0.01 to 0.1 wt. % for the polymer were used. These later values correspond to roughly 1 and 10 mM of carboxylate monomers. The cells were kept in normal culture conditions at 37 °C in a humidified atmosphere of 5% CO 2 and 95% air. The cells were detached using trypsin-EDTA (PAA Laboratories GmbH, Austria) and complete cell culture medium was added to neutralize the trypsin. The cells were then pelleted by centrifugation at 1200 rpm for 5 min at 25 °C. Finally, supernatants were removed and cell pellets were re-suspended in culture medium. For viability assays, propidium iodide (PI, Sigma Aldrich) was added to the cell suspension at a concentration of 2µg mL -1 five minutes before the cytometric analysis and performed in triplicate for particles as well as coating agents. Forward scatter (FS), side scatter (SS) and propidium iodide fluorescence of individual cells incubated in the conditions described previously were measured on an EPICS 4C flow cytometer (Beckman Coulter). Forward scatter FS and SS intensities (measured at 488 nm) were digitalized on both linear and logarithmic scale (4 decades). Red fluorescence intensities emitted by dead cells (measured at 610 nm) were digitalized on a logarithmic scale. Cellular debris and nanoparticles aggregates were removed by an appropriate choice of the gate in the cytogram FS versus LogSS (GATE1 in Fig. 2a ). Red fluorescence ( Flow cytometry: Reactive Oxygen Species : Cellular generation of reactive oxygen species (ROS) was determined using dihydroethidium (Sigma Aldrich) as fluorescent biomarkers. Dihydroethidium (DHE) is a membrane-permeable dye which forms ethidium in the presence of the superoxide . The resulting ethidium intercalates with DNA and provides an increase of its fluorescence at 620 nm upon excitation at 488 nm. NIH/3T3 cells were treated with citric acid ligands, with PAA 2K polymers and with ceria nanoparticles in conditions similar to those of the toxicity assays. Pyocyanin (PCN, Sigma Aldrich) was used as a positive control for the ROS generation (Horke et al. 2010) . PCN solution (20% DMSO) was diluted to a concentration of 50µM in the DMEM medium prior to incubation. After treatment, wells were washed three times with phosphate-buffered saline. The cells were further incubated with a DMEM medium containing 2 µM DHE for 30 minutes at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Cells were washed again with PBS to remove the DHE excess, trypsinized and dispersed in Phenol Red-free DMEM medium. Cytometric data were obtained on the EPICS 4C flow cytometer where the ethidium fluorescence was measured at 620 nm after excitation at 488 nm. Living cells were identified thanks to their scatter properties (similar to GATE2 in the viability analysis) and defined on the FS versus SS cytogram. The mean values of the red fluorescence intensities (digitalized on a logarithmic scale) were used as a measure of the intracellular ROS activity.
Figure 2: Cytometric analysis: a) Dot plots of the side scatter (SS) intensities versus forward scatter (FS) intensities in semi-logarithmic scale. Cellular debris and nanoparticles aggregates were removed by an appropriate choice of the GATE1. b) Red fluorescence was used to define propidium iodide (PI) permeant cells (GATE3 for cells in M1, red dots) and PI non-permeant cells (GATE4 for cells not in M1, green dots). Living cells were defined as cells present in GATE2 and GATE4 whereas dead cells were defined as cells present in GATE1 and GATE3. c), d), e) and f) The SS (logarithmic scale in c and d) and FS (linear scale in e and f) intensities were reported for the living (c and e) and dead cells (d and f).
Comet assay: The single-cell gel electrophoresis comet measurements were performed in alkaline condition. Cells were marked with Cit-CeO 2 nanoparticles and incubated for 4 hours. The incubation and the detachment of the cells were performed as described above in the case of the cytometry assay. The obtained cell suspensions after detachment were mixed at 37°C with low melting agarose solution (1% -Sigma Aldrich) in order to obtain a final suspension with a concentration of agarose 0.5 wt.%, this suspension was then pipetted onto a microscope slide which was previously coated with a thin deposit of agarose. All following steps were performed under dim light to prevent the occurrence of additional DNA damage. After incubating the slides for 5 minutes at 4°C, the slides were transferred for 1h in a lysis solution (NaCl 2.5M, (EDTA)Na 2 0.1M, Tris 0.01M, N-Sarcosinate 1%, the lysis solution was previously adjusted to pH 10 by adding NaOH 10M). In order to unwind the DNA, the slides were plunged at room temperature for 40 minutes into alkaline buffer (a mixture of NaOH 0.3 M and (EDTA)Na 2 10 -3 M), the electrophoresis was then done for 25 min at room temperature with 23 V and adjusted to 300 mA by lowering the buffer level in the electrophoresis chamber. After electrophoresis, the slides were rinsed three times with a Tris buffer solution (0.4 M at pH 7.5), the DNA of each slide was colored with the addition of 75 µl of ethidium bromide (GIBCO-BRL) at a concentration of 20 µg mL -1 in water. Finally, the slides were covered with a coverslip and stocked in the dark at 4°C in humid atmosphere. The DNA comets were observed with a fluorescent microscope (Orthoplan, Leitz, Germany). We used the software Comet Assay 2 (Perceptive Instrument) in order to analyze the measured comets, the product of the displacement between the tail of the comet and the head of the comet with the percentage of DNA in the tail was defined as the tail moment.
Results
Colloidal stability in physiological media
Light scattering experiment was performed using the same protocol as for the incubation of fibroblasts by nanoparticles. Few microliters of a concentrated nanoceria dispersion were poured and homogenized rapidly in the tube containing a physiological medium at time t = 0. Light scattering was hence monitored versus time. Figs. 3a and 3b display the hydrodynamic diameter for PAA 2K -CeO 2 and Cit-CeO 2 dispersed in phosphate buffered saline (PBS1x) and in a complete cell culture medium (DMEM), respectively. The Cit-CeO 2 nanoparticles are found to destabilize, as in both cases the diameter increases with time. The aggregation is slow in PBS1x and much more rapid in DMEM. In the supporting information section (S4), it is shown that the destabilization in PBS1x is completed after 8 hours. The slow decrease of the diameter observed with DMEM after 20 min is related to the sedimentation of the largest agglomerates (Fig. 3b) . For PAA 2K -CeO 2 in contrast, ( ) remains flat, the dispersion showing no sign of agglomeration whatsoever, even after 24 h. The of PAA 2K -CeO 2 particles passes from 15.2 nm in PBS1x to 16.5 nm in complete DMEM, suggesting that the particles are also devoid of a protein corona. Studied by light scattering, the complete cell culture medium DMEM exhibits broad size distributions of scatterers centered around 10 -20 nm and extending to diameters as high as 100 nm. In DMEM, the scatterers are proteins, aggregates of proteins or biomacromolecules present in the formulation. If proteins or biological molecules were adsorbed on the external layer of the particles, the size of the complexes should be larger than at least 25 nm (S5). The images of the dispersions on the right hand side of the figure (Figs. 3c-f ) were taken at 24 h and confirm the short time measurements: precipitation for the citrate coated particles and stability for the polymer coated particles. Similar results were found for iron oxide (γ-Fe 2 O 3 ) nanoparticles coated with citrates, and the precipitation in biological fluids was attributed to the displacement of the ligands from the particle surfaces towards the bulk as they are preferentially complexed by counterions of the culture medium (Safi et al. 2011) . 
Interaction cell/nanoparticle and localization
To monitor the interactions between the nanoparticles and the cells, each step of the incubation process was sequentially analyzed with different techniques: i) optical microscopy to visualize the treated fibroblasts in Petri dish environments, ii) scanning electron microscopy coupled to EDX to identify particles adsorbed at the plasma membrane and iii) electron transmission electron to track the internalized proportion. Figs. 4 show phase contrast images of NIH/3T3 cells obtained with optical microscopy (objective 60×). In Figs. 4a and 4b , the fibroblasts were exposed to respectively PAA 2K -CeO 2 and to Cit-CeO 2 at [Ce] = 1 mM (c = 0.017 wt. % or 170 µg mL -1 ). The data are compared to the control in Fig. 4c . At this concentration, the cells exhibit normal and comparable growth rates (Safi et al. 2010) . With citrate-coated particles, micrometric aggregates (arrows) sedimented on the bottom side of the Petri dish or on the cell membrane are clearly visible, confirming the agglomeration seen in the previous section. Figs. 5a and 5b shows images of a control cell. The cylindrical body of the NIH/3T3 exhibits at its surface protrusions identified as microvilli and indicated by red arrows (Eugene et al. 2002; Lorenz et al. 2006; Kemp et al. 2008; Zhang et al. 2010; Koeneman et al. 2010) .
Phase-Contrast Optical Microscopy:

Scanning Electron
Starting at the level of the membrane, these extensions are involved in several cellular functions including internalization, adhesion and mechano-transduction. For NIH/3T3 fibroblasts, the average length, diameter and density of the microvilli are respectively 600 nm, 160 nm and 3 µm -2 (S6), in good agreement with literature data (Hecht et al. 2011). Figs. 5c and 5d display representative images of the plasma membrane for a cell incubated with PAA 2K -CeO 2 . The cell body and the microvilli covering the cell surface maintained their morphology after a 2 h exposure. With the polymer coating, the nanoceria were difficult to localize, and very few could be detected (Fig. 5d ). Cells treated with PAA 2K -CeO 2 indeed resemble the control. The surfaces of fibroblasts incubated with citrate-coated particles appeared differently (Fig. 5e, 5f ). There, single nanoceria particles and particles clusters are deposited on the bilayer, or interact with the microvilli, forming with them complex and disordered sub-structures (Fig. 5f ). The aggregate sizes at the cellular membrane were found in the range 20 -500 nm, a result that was also found with iron oxide particles (Galimard et al. 2012) . Note that due to the deposition of a 10 nm conductive carbon layer on the cell samples, the particles at the cellular membrane appear larger than they actually are (~ 20 nm). Energy dispersive X-ray analysis confirms that the particles present at the surface of the cells contained cerium atoms, their proportion being however in the detection limit of the technique, i.e. of the order of 1% (S7). In conclusion, SEM studies demonstrate the importance of visualization for distribution of resilient particles at the cellular level.
Figure 5: Scanning Electron Microscopy images of NIH/3T3 untreated cells (a,b) and of cells treated with PAA 2K -Ce 2 O (c,d) and with Cit-Ce 2 O (e,f). Incubation time was 2 h and the cerium molar concentration in the supernatant [Ce] = 1 mM. The protrusions at the cell surface were identified as microvilli (red arrows). With the PAA 2K coating, particles at the cell surface cannot be detected easily. With citrate, nanoceria aggregates of size 20 to 500 nm are visible and interact with the cellular membrane and with microvili. Adsorbed particles are marked in yellow. Energy dispersive X-ray (EDX) analysis confirms that the particles contain cerium atoms.
Transmission Electron Microscopy (TEM):
Fibroblasts seeded with cerium oxides were further investigated by TEM. Fig. 6a and 6d provides representative images of NIH/3T3 cells incubated with PAA 2K -CeO 2 and to Cit-CeO 2 , respectively. The experimental conditions were an incubation time of 24 h and a cerium concentration of 1 mM. A careful analysis of the TEM images shows that the particles were primarily located in membrane-bound compartments, or endosomes (Limbach et al. 2005b; Horie et al. 2011; Yokel et al. 2012 ).
Close-up views of the selected areas (indicated by rectangles) identify the lipidic membrane separating the cytosol from the particles (Fig. 6b and 6e) . In this work, nanoceria were found neither in the cytosol nor in the nucleus. A statistical analysis of the endosome sizes was performed and revealed notable variations as a function of the coating. For PAA 2K -CeO 2 , the average size was 560 nm and similar to those of the control cell (data not shown), whereas for Cit-CeO 2 , the endosomal distribution was peaked at 760 nm ( Fig. 6c and 6f ). With citrate, compartments larger than 1 µm were also detected. Another difference between the two coating lies in the spatial distribution of the particles inside endosomes: with citrate, the particles appear as aggregated under the form of clusters, whereas with polymers they are randomly spread and unassociated. With the PAA 2K -coated particles, the endosomes were also more homogeneously filled. In conclusion to this part, we have found that the carboxylate coated particles are internalized by the NIH/3T3 fibroblasts and located in endosomal membrane-bound compartments (Limbach et al. 2005b; Horie et al. 2011; Yokel et al. 2012; Hillaireau and Couvreur 2009; Safi et al. 2011) . The similitudes between the compartments in Figs. 6a and 6d suggest similar mechanisms of entry into the cells, i.e. endocytosis (Iversen et al. 2011) . The coating has here a definite but moderate impact on the endosome size distributions.
Figure 6: Transmission electron microscopy images of NIH/3T3 fibroblast cells incubated with PAA 2K -Ce 2 O (a,b) and with Cit-Ce 2 O (d,e). The experimental conditions were an incubation time of 24 h and a cerium concentration 1 mM. The close views of the delimited areas in a) and d) show that the particles are localized in membrane-bound compartments of endosome type (b,e). The size distributions of the endosomes are shown in c) and f), respectively. With the units used in this work, [Ce] = 1 mM corresponds to c(Ce 2 O) = 0.017 wt. % or 172 µg mL -1 .
Flow Cytometry
Cell viability: The membrane integrity of cells treated with nanoparticles was assessed by flow cytometry after propidium iodide staining. Figs. 7a and 7b show the cell mortality after incubation times of 5 h and 24 h for cerium concentration 0.1, 1 and 10 mM. The cell mortality is compared to that of the organic molecules used to coat the particles, sodium citrate and poly(sodium acrylate). For the coating, the concentrations indicated in the figure are those of citrates and of acrylate monomers. They are representative of the amounts of citrates and PAA 2K adsorbed onto nanoceria during the incubation with nanoparticles. After a short exposure, the cytotoxicity levels are low and comparable to that of the control. The highest value was obtained with Cit-CeO 2 at 10 mM, 2.7% versus 0.8% for the control. After 24 h, a noticeable increase of the mortality (21%) is observed for the citrate-coated particles at the highest dose. The results of Fig. 7 are in line with those testing the cellular growth (cell counting) and metabolic pathway (MTT) in the same conditions (Safi et al. 2010) . MTT assays were recently performed on 2139 human lymphoblastoid cells to examine the impact of the cell line on the toxicity and the results were similar to those found for the fibroblasts (S8). The coating molecules exposed separately to the fibroblasts exhibit no noticeable toxicity (Fig. 7a ).
Figure 7 : Cell mortality of NIH/3T3 fibroblasts as a function of the dose for incubation times 5 h (a) and 24 h (b) as determined from flow cytometry and propidium iodide staining. Data are compared to that of the organic molecules used to coat the particles, sodium citrate and poly(sodium acrylate) (a). Significant increase in mortality is found for Cit-CeO 2 at high dose (10 mM).
Side and Forward Scatter intensities from Flow Cytometry:
In flow cytometry experiments, the forward (FS) and side (SS) scatter intensities generated by the cell illumination are probing the cellular size and refractive index respectively. Figs. 8a and 8b display the SS intensities (median values) of NIH/3T3 that were incubated 5 and 24 h with nanoparticles at T = 37 °C. Living and dead cells were analyzed separately. Dead cells were distinguished by their strong red fluorescence linked to the nuclear incorporation of propidium iodide. The data are compared to those of untreated cells. Citrate-coated particles exhibit a shift of the SS signal to higher values with increasing dose. Fig. 2 
Figure 8 : Forward (a,b) and side (c,d) scatter intensities of NIH/3T3 incubated 5 and 24 h with nanoparticles at T = 37 °C measured by cytometry. Living and dead cells were analyzed separately (see
for details). Dead cells were distinguished by their strong red fluorescence linked to the nuclear incorporation of propidium iodide. Citrate-coated particles exhibit a shift of the SS signal to higher values with increasing dose, indicating strong nanoparticle/cell interactions. Cytometric intensities of cells seeded with the organic coating, either citrate or poly(sodium acrylate) display no variation as a function of the dose (S9). The red and blue bands in the 4 figures correspond to the values of the controls including the error bars.
The shift remains moderate at 5 h, and becomes significant after a 24 h-incubation. The ratio noted between the SS scatter of seeded cells and that of the control increases by a factor 3.4 for both living and dead cells. In Fig. 8b , the SS signal increases from 33 to 113 in arbitrary units and from 63 to 217, respectively. This result indicates that the refractive index of fibroblasts was enhanced thanks to their interactions with the particles. Comparable ratios for dead and live cells at 5 and 24 h suggest that the nanoparticles interact in a similar fashion with both types of cells. These interactions are of two kinds, the adsorption on the plasma membrane (Fig. 5 ) and the internalization into endocytic vesicles (Fig. 6 ). With cytometry, equivalent results were reported on Chinese hamster ovary cells (Suzuki et al. 2007 ) treated with titanium dioxide, on human hepatoma (Xia et al. 2008a ) and lymphablastoid (Safi et al. 2011 ) cells seeded with magnetic nanoparticles. By contrast, data for the polymer-coated particles show no evolution as a function of the cerium concentration ( ~ 1). The absence of variations of the SS intensity for the PAA 2K -CeO 2 indicates low levels of nanomaterials interacting with the cells. Figs. 8c and 8d provide FS intensities obtained in the same experimental conditions as those mentioned above. Within the experimental uncertainties, the FS signals for both living and dead cells remained unchanged at all incubation dose and time. These findings indicate that the size of the cells was not modified by the interactions with the particles regardless of the incubation time and dose (Suzuki et al. 2007; Xia et al. 2008a; Safi et al. 2011) . For sake of completeness, it should be added that both SS and FS intensities of cells seeded with the organic coating, either citrate or poly(sodium acrylate) display no variation as a function of the dose (S9).
Reactive Oxygen Species: Reactive oxygen species (ROS) production was evaluated using the fluorescence changes resulting from oxidation of the permeant dye dihydroethidium (DHE) by intracellular superoxide anions. DHE exhibits blue-fluorescence in the cytosol until it is oxidized, while oxidized products intercalate within the DNA and exhibit bright red fluorescence. Cells were treated for 6 h or 24 h at different nanoparticle concentrations ([Ce] = 0.1, 1 and 10 mM). Negative and positive controls consisting of untreated cells or cells incubated for 2 and 4 hours with pyocyanin (Horke et al. 2010) . Additional control experiments were performed after incubation with PAA 2K polymers or citrate ligands. Individual cell red fluorescence and scatter properties were analyzed by flow cytometry. Quantification of the mean red fluorescence intensity of living cells (gated on double scatter histogram FS versus SS) as a function of the cerium oxide concentration revealed that exposure to nanomaterials modified only slightly the oxidation level of the fluorescent probe due to intracellular ROS activity (Fig. 9) . Both untreated and cells exposed to nanomaterials generated a low fluorescence intensity (mean values ranging from 45 to 75 in arbitrary units) which were inferior to those of positive control (200 in arbitrary units). These results indicate that 6 h or 24 h treatment with coated particles did not significantly alter the production of reactive oxygen species by NIH/3T3 fibroblasts. Comet Assays: DNA damage caused by nanoceria was studied using comet assay. Comet assays allow to reveal breakage of single or double strands DNA and chromosome rearrangement. The fibroblasts were treated with the Cit-CeO 2 particles during 4 h at 1 and 10 mM, and compared to negative (untreated cells) and positive (pyocyanin) controls (Fig. 10) . As illustrated in Fig. 10b , a comet-like tail implies the presence of DNA strands that were dragged out of the nucleus by the electrophoretic field. The extension of the tail increases with the degree of damage. Tail momentum of control DNA was compared with nanoparticle treated cells, and extent of damage was assessed in Fig. 10d . For treated cells, the comet tails remained in the lowest range as compared to the negative control. A slight but significant increase in DNA damage was observed between the 1 and 10 mM assays however. 
Discussion
In this work, the interactions and the short-term toxicity of nanoceria with respect to NIH/3T3 fibroblasts were investigated combining light scattering, cytometry and electron microscopy. The cytotoxicity of citrate and poly(acrylic acid) acid coated particles was examined. In a first report (Safi et al. 2010) , the potential adverse effects of these particles were examined using cell proliferation and MTT assays. Both methods revealed a dose-dependent toxicity for the citrate coated particles (above 3 mM or 500 µg mL -1 ). Here, we examined these particles in a broader toxicological context, and focus on their interactions at the scale of the cell. At each step of the interaction process, the particles were monitored and localized thanks to various techniques, including optical, scanning and transmission electron microscopy. Nanoceria coated with citrates were located at the plasma membrane in the form of single particles or of 20 -500 nm aggregates. Inside cells, both particle types were found in membrane-bound compartments. These findings are in agreement with several reports from the literature (Horie et al. 2011; Yokel et al. 2012) . In terms of toxicity, the membrane integrity of treated fibroblasts was evaluated using propidium iodide staining and flow cytometry. Cytometry confirmed previous results on the cellular growth and metabolic pathway: coated nanoceria do not display short-term acute toxicity. At 24 h, a noticeable increase of the mortality (21%) was however observed for the citrate-coated particles, but only at the highest dose (10 mM). With PAA 2K -CeO 2 the cell viability remained high at all doses. In the presence of the permeant dye dihydroethidium, treated particles did not exhibit significant fluorescence, indicating a low level of induced oxidative stress. Additional testing using non-adherent human lymphoblasts were conducted to probe the cell line dependence, and comparable results were observed. Although the nanoceria concentrations investigated here are of the same order as those found in the literature, it should be mentioned that the doses are far above realistic values, especially if one considers the time scale of the toxicity assays. In other terms, there is a gap between the experimental conditions to which the cells were exposed and real world exposures. On a longer term, continual exposure could lead to an increased load of nanomaterials in cells and tissues and concentrations may indeed get closer to levels studied here.
The case of citrate coated particles deserves further comments. First, the present results confirm conclusions already formulated in the literature, namely that low-molecular weight ligands with reversible adsorption properties, such as citrate ions are poor coating agents for particles in biological environments (Kuckelhaus et al. 2003; Ojea-Jimenez and Puntes 2009; Maiorano et al. 2010; Safi et al. 2011; Galimard et al. 2012) . As shown in Fig. 3 , the particles precipitate instantaneously in cell media. In culture conditions, the gravitational settling of the precipitating particles enhances the bioavailability of the cell, and one may ask whether the interaction with the cells is not simply driven by this sedimentation process. Cytometry and SEM (data not shown) performed as a function of the incubation time, as well as data obtained on similarly coated particles (Safi et al. 2011; Galimard et al. 2012 ) support a scenario in which nanoceria brought in contact with the biofluid also precipitate on the cell membranes. In the present experiments, sedimentation of precipitated particles occurs within the first hours of incubation, typically from 2 to 12 hours. However, citrate coated nanoceria were shown to adsorb and be internalized after few minutes of incubation. A possible interpretation is that the aggregates that form in biofluids are neutral or positively charged, and thus interact more strongly with the cell membrane. On a longer time scale, the sedimentation enters into play and further increases the adsorption (Limbach et al. 2005a; Teeguarden et al. 2007 ).
As mentioned in the introduction, reports have been published describing controversial results on the toxicity of cerium oxide. In vitro and in vivo assays have demonstrated in some cases highly toxic effects of nanoceria, even at very low concentrations (< 1µM) (Eom and Choi 2009; Zhang et al. 2011)) , and in others a relatively benign impact on living environments (Xia et al. 2008b; Park et al. 2010; Safi et al. 2010; Birbaum et al. 2010; Horie et al. 2012; Pierscionek et al. 2012) . Comparing a wide variety of data collected recently on nanoceria, Karakoti et al. suggested that the thermal history of the dispersion (i.e. during synthesis) could have an influence on their biological impact (Karakoti et al. 2010 ). According to these authors, the thermal processing may alter many physicochemical properties of the particles, and explain why CeO 2 can have pro-or anti-oxidative behaviors, or be neutral with respect to cells. In this work, we have found that a second factor, namely the coating and its ability to protect from aggregation can affect the toxicity of these particles. The cytometry data in Fig. 8 demonstrated that citrate-coated particles interact more strongly with the fibroblasts, as the side-scatter intensity was increased by the uptake of the particles. We anticipate that for citrate-coated particles, the enhanced interactions resulted in a net toxicity. These results demonstrate that a control of the surface chemistry of the particles is crucial when dealing with toxicity and nanoparticle/cell interactions.
Supporting Information
The Supporting Information section provides complementary data on the structure of the CeO 2 nanoparticles (S1), the electrophoretic mobility measurements of the particles of different coating (S2), on the absorptivity coefficient of cerium oxide (S3), the stability of the Cit-CeO 2 particles in PBS at short and long time (S4), the light scattering properties of the cell culture medium used in this study (DMEM) (S5), the diameter and length distributions of microvilli at the membrane of NIH/3T3 fibroblasts (S6), the energy Dispersive X-Ray Spectrometry and Scanning Electron Microscopy (S7), MTT assays performed on NIH/3T3 mouse fibroblasts and 2139 human lymphoblastoid cells (S8) and the finally side and forward scatter intensities obtained by flow cytometry (S9). This information is available free of charge via the Internet at xxx.
In vitro toxicity of nanoceria : effect of coating and stability in biofluids 
S1 -Structural properties of CeO 2 nanoparticles
Wide-angle x-ray scattering on concentrated CeO 2 dispersion in acidic conditions was performed at the Laboratory Itodys (University Paris7 -Denis Diderot, Paris, France). The intensity exhibited up to 9 structural Bragg peaks. The sequence is in accordance with a facecentered cubic structure of CeO2. The lattice parameter of the crystal is 5.47 Å. Using the Debye-Scherrer relationship that relates the full width at half maximum to the spatial extension of a crystalline microstructure, one obtained a value for the crystalline core of 5 nm. This value is in excellent agreement with the TEM results ( Fig. 1 in main text) . In Fig. S1 , the positions of the Bragg reflections of the CeO 2 lattice are shown for comparison. 
S2 -Electrophoretic mobility measurements of coated CeO 2
For the anionically charged particles, measurements of the zeta potential ζ and electrophoretic mobility µ E were performed using a Zetasizer Nano ZS (Malvern Instrument). Using laser Doppler velocimetry, the technique is based on the Phase Analysis Light Scattering (PALS) method. The data for the two quantities are listed in 
S3 -Absorption coefficient of cerium oxide nanoparticles
In Fig. S3 is shown the molar absorption coefficient (cm −1 M −1 ) for cerium oxide nanoparticles. Using this calibration curve, the cerium concentration of dispersion was determined accurately. Citrate and polymer coating did not modify the absorption coefficient. 
S4 -Long time stability of the Cit-CeO 2 particles in PBS
In Fig. 3 of the main text, it was seen that the hydrodynamic diameter of citrate-coated nanoceria dispersed in PBS was slightly increasing with time. In two hours, was changing from 7 to 11 nm. To substantiate that this increase was the sign of a long-term destabilization, the light scattering experiment was repeated on a longer time period. Fig. S4 displays the -variation over more than 8 hours. The regular increase demonstrates the slow destabilization of the particles in PBS. The blue area in the figure attests of the range where particle clusters start to sediment. Note that on the same time period poly(acrylic acid) coated nanoceria did not destabilize in the same buffer. 
S5 -Light scattering properties of cell culture medium
To evaluate the contribution arising form the proteins and other biological molecules dispersed in cellular media, we carried out a complete characterization of the cell media by dynamical light scattering. Fig. S5a displays the first order auto-correlation function of the scattered light for a 4 wt. % BSA (bovine serum albumin) sample, for DMEM with 10 vol. % fetal bovine serum (FBS) and for the medium of a cell culture. This later medium was obtained after centrifugation of lymphoblastoid cells (1200 rpm for 5 mn) and by pipetting the supernatant. The g (1) (t) functions for the two last specimen were similar, and with a relaxation time larger than that of the BSA proteins. A CONTIN analysis of the time traces yielded the size distributions shown in Fig. S5b-d . The intensity distribution was found to be peaked around 7 nm for the BSA, with an additional contribution at 30 nm, suggesting a possible aggregation of the BSA. By contrast, the cellular media exhibited broad size distributions centered near 10 nm, but extending to diameters as high as 100 nm. 
S6 -Diameter and length distributions of microvilli at the cell membrane
The diameter and length of the microvilli present at the surface of NIH/3T3 cells were measured on a sample of more than 100 protrusions. The distributions are displayed in Figs. S6a and S6b, respectively. Median diameter and length are 0.157 µm and 0.690 µm. The polydispersity of the length distribution is much larger than that of the diameter. Similar values were found for cells treated with Cit-CeO 2 and with PAA 2K -CeO 2 . 
S7 -Energy Dispersive X-Ray Spectrometry and Scanning Electron Microscopy
Cerium was found at the surfaces of cells treated with both citrate and PAA 2K coated particles. Due to the low amplitude of the cerium peak for the polymer-coated particles, quantitative modeling of the spectra was necessary to determine the cerium percentage. 
S8 -MTT assays performed on NIH/3T3 mouse fibroblasts and 2139 human lymphoblastoid cells
MTT assays were performed with coated cerium oxide nanoparticles. Cells were seeded into 96-well micro-plates, and the plates were placed in an incubator overnight to allow for attachment and recovery. Cell densities were adjusted to 2×10 4 cells per well (200 µl). After 24 h, the nanoparticles were applied directly to each well using a multichannel pipette to triplicate culture wells, and cultures were incubated for 24 h at 37°C. The MTT assay depends on the cellular reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-Aldrich Chemical) by the mitochondrial dehydrogenase of viable cells forming a blue formazan product that can be measured spectrophotometrically. MTT was prepared at 5 mg mL -1 in PBS (with calcium and magnesium, Dulbecco's, PAA Laboratories) and then diluted 1 to 5 in medium without serum and without Phenol Red. After 24 h of incubation with nanoparticles, the medium was removed and 200 µl of the MTT solution was added to the microculture wells. After 4 h incubation at 37°C, the MTT solution was removed and 100 µl of 100% DMSO were added to each well to solubilize the MTT-formazan product. The absorbance at 562 nm was then measured with a microplate reader (Perkin-Elmer). Prior to the microplate UV-Vis spectrometry, MTT assays without particles were carried out with cell populations ranging from 5000 to 500000 cells and it was checked that the absorbance of DMSO solutions at 562 nm was proportional to the initial number of cells. 
S9 -Side and Forward Scatter Intensities as received from Flow Cytometry
As mentioned in the main text, the forward (FS) and side (SS) scatter intensities generated by the cell illumination are probing the cellular size and refractive index respectively. Figs. S9a and S9b display the SS and FS intensities (median values) of NIH/3T3 that were incubated with the coating agents adsorbed onto the nanoceria, namely sodium citrate and poly(sodium acrylate). The experimental conditions were an incubation time of 24 h, a temperature of T = 37 °C, and a concentration range comprised between 0.1 and 10 mM. These concentrations were representative of the amounts of citrates and PAA 2K adsorbed onto nanoceria during the incubation with nanoparticles. Living and dead cells were analyzed separately. Dead cells were distinguished by their strong red fluorescence linked to the nuclear incorporation of propidium iodide. The data are compared to those of untreated cells. For both coating agents, and within the experimental uncertainties, the SS and FS signals for living and dead cells remained unchanged at all incubation doses. Together with the PI data that show no induced toxicity due to these organics, it can be concluded that the variations of the toxicity and shift in the SS scatter for citrate coated particles are related to the particles. 
